Introduction
It has long been acknowledged that death rarely arises from a single cause. Weiner et al 1 examined death notifications that recorded multiple causes of death and found an increase in the number of deaths associated with hypertension compared with the number obtained if only the underlying cause of death was recorded. Israel et al 2 noted that some causes of death, such as ill-defined conditions, are usually recorded as underlying causes only when they appear alone in the death notification. Furthermore, what is recorded as the underlying cause may be influenced by how the attending doctor views the diseases present at the time of death. This observation is particularly true for non-autopsied deaths. Santo et al 3 argue that although there has been increased registration of tuberculosis, its importance to populationwide mortality is not completely reflected by statistics accompanying underlying cause of death. They noted that tuberculosis occurs as an associated cause in a large number of death notifications in which the demise is attributed to a different underlying cause.
Notwithstanding these concerns, only a few countries, such as the US, Canada, and the UK, undertook multiple cause of death (MCOD) coding prior to introduction of the Tenth Revision of the International Classification of Diseases (ICD-10). In addition to recording the underlying (main) cause of death, national databases that use the ICD-10 classification include other immediate causes which may or may not be the same as the underlying cause, as well as other conditions present or associated with the underlying cause. 1, 4, 5 Although it has been noted that not all conditions present at the time of death are necessarily recorded on death notifications, 1 multiple causes of death data provide researchers with a more comprehensive history of long-term illness which do not often appear as the underlying cause of death. 5 Researchers differ considerably on the impact of human immunodeficiency virus (HIV)/acquired immunodeficiency syndrome (AIDS) on mortality owing to many challenges in reporting and diagnosing HIV prevalence and mortality due to AIDS. 6 Estimates of the number of people with HIV or dying from AIDS also differ considerably, especially in developing countries. 7 Although much research has been conducted on HIV/AIDS, few of the studies have actually utilized nationally representative datasets for estimating HIV/AIDs mortality. Furthermore, even when national datasets have been utilized, these have been aggregated data in which only underlying cause of death is indicated. 7 Multiple causes of death data provide a wealth of information to conduct more indepth research on the contribution of HIV/AIDS to mortality.
AIDS was first included as one of the causes of death in Revision 9 of the International Classification of Diseases (ICD-9). The underlying cause of death was taken to be AIDS if HIV was present along with more than one opportunistic disease/condition, ie, the so-called AIDS defining condition. In ICD-10, AIDS has been replaced by several groups of causes, called HIV diseases. The link between tuberculosis, AIDS, and other related causes of death has been of interest to both health practitioners and researchers, although few studies appear to have been done at a national level to corroborate this association.
The Southern African region is considered to be among the areas of the world most afflicted by HIV/AIDS, and not surprisingly, the highest differences about the perceived impact of HIV/AIDS on morbidity and mortality prevail in this region. Using the 2006 and 2007 multiple causes of death data for South Africa, this paper develops models for predicting mortality due to HIV diseases, given sociodemographic factors, as well as the presence/absence of tuberculosis, pneumonia, and other opportunistic infections.
The methodology for analyzing MCOD data is still in its infancy. Bah 8 compared the profile of leading causes of death in South Africa from 1997 to 2001 using single cause of death data to profile multiple causes of death data. Bah observed that analysis of multiple cause of death data de-emphasized the importance of ill-defined conditions, and emphasized the greater prominence of tuberculosis, pneumonia, and influenza, and called for further research to study the association between the different causes of death. Redelings et al 9 highlighted some of the challenges in trying to model disease causality using data from death notifications. These challenges arise from physicians' beliefs regarding which of the causes were underlying and which were associated; omission from notifications of conditions that may be present but considered unrelated to death and researchers' lack of knowledge on what percentage of notification should contain any pair of causes purely by chance. Despite the challenges, Redelings et al 9 concluded their study by insisting that multiple causes of death data provide an easily available source of population information on causes of death and associated causes of death. Furthermore, they propose that multiple causes of death data should be analyzed by looking at the frequencies with which pairs of conditions (such as tuberculosis and pneumonia) co-occur. However, they caution that it is not clear as to whether the observed percentage of death with comorbidity is different from what we expect. For example, for the data used in their study, 40.8% of notifications that reported hypertension as a cause of death also reported heart disease as a cause, but it is not clear if this is what we expect or not.
Wall et al 10 studied the relationship between MCOD as a function of factors listed on Minnesota death notifications from 1990 to 1998. They computed and compared the frequency with which a given cause was listed as an MCOD and frequency with which it was listed as an underlying cause for different demographic groups. They used logistic regression to determine the odds of having a particular condition, such as ischemic heart disease, as underlying rather than a contributing cause given the demographic background.
Santo et al 3 limited their study to computing death rates due to tuberculosis as an underlying cause and as a mentioned cause. They compared these rates among males and females and among different age groups. They also determined the proportion of notifications in which deaths were due to tuberculosis that contain different associated causes, such as pneumonia and respiratory failure. AIDS was the main underlying cause in 65% of the deaths in which tuberculosis was mentioned as an associated cause. In the group aged 20-49 years, this percentage was 86%. They suggested that coinfection by tuberculosis and AIDS is an important factor in premature mortality.
This paper focuses on all deaths for which HIV/AIDS or other opportunistic infections associated with HIV/ AIDS were mentioned as a cause. Apart from HIV/AIDS, the leading causes of mortality in Southern Africa, such as tuberculosis, pneumonia, ill-defined conditions, and respiratory infections have been around for a long time, and hence have been studied using the single cause data framework.
Materials and methods
The data for this study are taken from the 2006 and 2007 South African multiple causes of death data. Statistics South Africa (Stats-SA) has generously provided these data to researchers to use free of charge for nonprofit purposes, with the simple request that Stats-SA is acknowledged as the original source of the data. Full details of the compilation and coding process used to obtain the South African MCOD data are presented in the meta file for each year's data.
The South African Births and Deaths Registration Act of 1992 requires that all deaths and stillbirths occurring in the country be registered using the notification/register of death/stillbirth form (B1-1663). Stats-SA collects all these notifications for each year and uses a comprehensive set of procedures to process the forms and extract the causes of death from the death notifications. The 2006 and 2007 South African causes of death data were coded using ICD-10 codes, while the underlying cause of death was derived automatically using a United States National Center for Health Statistics software program called Automated Classification of Medical Entities (ACME 2000.05) that applies World Health Organization rules to the selection of underlying causes of death.
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Deaths that were not registered at the Department of Home Affairs and deaths registered late or registered but had not reached Stats-SA during the processing phase for a given year are not included. 12 Anderson and Philips 13 estimated that about 67% of deaths were registered in South Africa in 1996, and that this percentage has ranged from 78% to 84% since 1997. They further estimate that death registration is most complete among the population aged 65 years and over, and least complete among children, with only 40%-57% of deaths occurring among children aged 0-14 years registered annually since 1997.
Data coding and transformation
The South African MCOD data provides up to five possible causes of death to be specified, and these are recorded as cause A, B, C, D, and "other cause". Cause A represents the immediate condition leading to death, while if present, causes B, C, and D represented sequentially, the second, third, and fourth conditions leading to death (Stats-SA data for 2006 and 2007). "Other significant conditions contributing to death but not resulting in the underlying cause" are recorded as "other cause" while "the disease or injury which initiated the train of morbid events leading directly to death, or the circumstances of the accident or violence which produced the fatal injury" constitutes the underlying cause of death. This underlying cause is selected from among causes A-D. The dataset also includes the broad and main groups for the underlying cause.
The broad groups of causes of death that are of interest in this study and the specific ICDS-10 codes are as follows: HIV diseases, ICDS-10 codes B20-B24 and R75; tuberculosis, A15-A19, B90, U51, U52; pneumonia, J12-J18, P23, B59; other opportunistic diseases, excluding tuberculosis and pneumonia, consisting of diarrhea (A09), candidiasis (B37), cytomegalovirus (B25 ), non-Hodgkin's lymphoma (C82, C85), cervical cancer (C53, D06), coccidiomycosis (B38), herpes simplex (B00, B02, A60), meningitis (A39, A87, G00, G03), cryptococcosis (B45), histoplasmosis (B39), toxic encephalopathy (G92), Kaposi's sarcoma (C46), toxoplasmosis (B58), cryptosporidiosis (A07), and Salmonella septicemia (A02).
The dataset includes the following background of the deceased when known: gender, marital status, province of birth, province of death, institution of death, province of residence, education, usual occupation, type of business/ industry, smoking status, and month and year of death. From these, death institution, gender, age group, marital status, and education were included in the models. Smoking status, occupation, and industry were not included because of a high percentage of missing values. It was desirable to include racial classification since certain causes of morbidity and mortality are known to differ by racial groups, 14 but this information was not captured in the electronic data.
The background factors from the death notification used in the analysis and their coding are: 3, divorced/separated; 4, not known). In addition, some of the models include the total number of causes listed (TC).
With MCOD data, the contribution of a particular disease to death could be expressed using a number of alternative categorical variables. The simplest case is to specify whether the disease was an underlying cause or not. An alternative is to indicate whether or not the disease was mentioned (as underlying, immediate, other condition leading to death, or other significant condition contributing to death but not resulting from the underlying cause). Yet a third option is to create a categorical variable with the following categories: 0, not mentioned; 1, mentioned but not underlying; and 2, mentioned as underlying only.
Modeling
To obtain models that allow for comparison of MCOD with a single cause of death (SCOD) analysis, the following coding of each listed cause, which retains the importance of underlying cause used in single cause of death analyses, was of interest: 0, cause not mentioned on notification; 1, cause mentioned but not underlying; and cause mentioned as underlying. This coding leads to an ordinal response variable in terms of the importance of the disease as a cause of death.
Exploratory analysis of HIV-related deaths in the dataset used in this paper revealed that very few notifications had HIV disease mentioned as a cause but not as underlying. Therefore, it was not possible to treat the presence of HIV disease on a death notification as an ordinal variable. The only option was to model the presence (Y = 1) or absence (Y = 0) of HIV on the death notifications. The logit model for the presence of HIV (y = 1) given a vector of predictive factors, x, is
Indicator variables denoting the presence or absence of tuberculosis, pneumonia, and other opportunistic infections respectively (z), together with background factors (x) are used as explanatory variables in the model. We refer to the model involving only the background factors, with (x) as the background factors model. The background factors model can be fitted to the SCOD as well as the MCOD data. When at least one other HIV-associated cause of death (tuberculosis, pneumonia, or other opportunistic infection) is mentioned, then the full multiple cause of death model is given by:
With this model, the odds of HIV-disease being mentioned on a death notification of a deceased person with background characteristics vector x, and associated causes vector z, can be examined for various combinations of background factors and associated causes.
Results
As shown in Table 1 (Table 1) were mentioned as a cause. A total of 748,328 (60.5%) notifications had just a single cause of death mentioned, and a further 26.6% had just two causes listed. Figure 1 shows the percentage of death notifications that contained HIV disease as a cause by the number of causes listed on the notification. Very few of single cause deaths (1.9%) are listed as due to HIV disease. The proportion of notifications with HIV listed as one of the causes increases steadily with the number of causes listed, reaching a peak of 15.3% for combined males and females. These percentages are consistently higher for female death notifications than for males. Figure 2 shows the percentages of male and female death notifications that had HIV, tuberculosis, pneumonia, and other opportunistic infections listed among the causes by age group. The majority of death notifications with HIV listed as a cause increases among females up to 49 years of age, and then declines (Figure 2A) . A similar pattern is observed among males, except for the age group 15-24 years who have a lower percentage. From the age group 15-64 years, proportionately more female death notifications include HIV. The percentage of death notifications for which tuberculosis is listed as a cause is almost the same among males and females aged 0-24 years ( Figure 2B ). Thereafter, the percentage for males is higher than for females.
The percentage of death notifications with pneumonia listed is highest among the younger and older age groups 
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Causes of death models for HIV/AIDS ( Figure 2C ) and lowest among those aged 15-49 years. Other opportunistic infections are frequently listed among the group under five years of age ( Figure 2D ) and decline steadily for both male and female death notifications. For the age group 25 years and over, relatively more female death notifications than male notifications include other opportunistic infections.
Background factor models for all deaths
In this first model, the odds that HIV is listed as a cause of death, whether, immediate, underlying, secondary, or other is modeled using demographic variables and TC as predictors.
The test that all coefficients of the predictors are simultaneously equal to zero has a chi-square value of 23419.723, with 24 degrees of freedom and an observed P value < 0.001. All the demographic variables were significant in predicting the odds that HIV disease is listed as a cause of death (Appendix A). In particular, the odds depend on the gender-age interaction and the TC listed. As shown in Figure 3 , females aged 25-49 years have a significantly higher likelihood of having HIV listed than their male counterparts. From 50 years onwards, the odds for females remain slightly higher than for males, while there are no differences among people aged 24 years or younger.
The model results further show that each additional cause of death listed doubles the odds that HIV will be one of the causes of death. Hence, those for whom HIV disease is listed as a cause of death are more likely to have multiple causes listed than from HIV alone, even when the other causes are not HIV-related. However, the predictive validity of this model is low. While the model can be used to reclassify all deaths correctly for which HIV is not listed as such, only 0.3% of deaths with HIV listed as a cause of death are correctly classified using this model.
Models for a single cause of death listed on death notification
The data consisted of 233,225 deaths in which only one of the four HIV-related causes (HIV, tuberculosis, pneumonia, or other opportunistic infection) was listed. As shown in Figure 1 , only 1.9% (4371) of these deaths was attributed to HIV disease. For these data, only background factors could be included as predictors of the likelihood that the death would be due to HIV disease. For this model, the overall model chi-square is 2010.86 with 23 degrees of freedom and an observed P value < 0.001. The results indicate that the odds of HIV being listed as the single cause of death depend on death institution, age group, marital status and education, but not on gender (Appendix B). Deaths for which HIV is listed as the single cause are significantly less likely to occur in hospitals/nursing homes than elsewhere. The odds of deaths occurring in emergency rooms/on arrivals/outpatients are twice the odds of death occurring in hospitals/nursing homes, and 85% more likely for deaths occurring at home.
However, the predictive power of the model was very low. When the model is used to reclassify deaths as due to HIV, it performs very poorly. None of the 1.9% of deaths for which HIV is a listed cause is correctly reclassified as such, while all the 98.1% of cases in which HIV is not a listed cause were correctly reclassified as such. Since the different factors are significant, the poor performance of the model is due mainly to the fact that HIV deaths are rare among notifications with only one cause of death listed.
Models for multiple causes of death listed on death notification
Three classes of models were fitted for notifications, corresponding with two, three, and four or more diseases listed on the death notifications. This is because if k-causes are listed, then only k-1 causes can be included in any model for predicting the likelihood that HIV will be listed as a cause of death. Therefore, to avoid the problem of introducing structural zeroes, when a single cause is listed, only the background factors model can be fitted: when two causes are listed, then each of the HIV-related causes (HIV disease, tuberculosis, pneumonia, and other opportunistic infection) must be included alone in any model; when three causes are listed, any pair of the three causes can be included in the model; and while four or more causes are listed, then all three related causes can be included in a single model.
Models for notifications with two causes of death listed
Of the 149,408 notifications for which exactly two HIVrelated causes of death were listed, 14,991 (10.0%) had Causes of death models for HIV/AIDS HIV listed as one of the two causes of death. For these cases, it was not possible to fit a model with more than one other cause as a predictor of HIV. Three separate models were therefore considered with background factors, plus tuberculosis as an additional predictor, pneumonia as a predictor, and other opportunistic infections as predictors. For the model in which tuberculosis was included along with background factors as predictors, the results show that the odds of HIV being listed as a cause of death depends on death institution, age, marital status, education, year of death, and whether or not tuberculosis is listed as one of the causes (Appendix C). The significance of gender in the model is only through its interaction with age. When tuberculosis is listed as a cause of death, the odds of HIV also being listed reduces significantly by about 23%. That is, when only two causes are listed on a notification, then notifications with HIV and tuberculosis jointly listed were less likely than those with only one of them listed.
When tuberculosis was replaced by pneumonia in the model, the significant factors were found to be death institution, age, marital status, education, and the gender-age interaction (Appendix D). When pneumonia is listed as a cause of death, the odds of HIV also being listed reduces significantly by about 58%.
When pneumonia was replaced by other opportunistic infections, the odds of HIV being listed on a notification with only two listed causes as a cause of death depends on death institution, age, marital status, education, and the gender-age interaction (Appendix E). Furthermore, the odds of HIV being listed along with some other opportunistic infection reduces significantly by about 55%.
These models indicate that when only two causes are listed, there is a significant reduction in the odds of HIV being listed along with any associated causes, ie, tuberculosis, pneumonia, or some other opportunistic infections.
Models for notifications with three causes of death listed
When three causes are listed, it is possible to fit models with two of the three HIV-associated causes. Hence three different models were fitted. The first model included tuberculosis and pneumonia as predictors, the second included tuberculosis and other opportunistic infection, while the third model included pneumonia and other opportunistic infection as predictors of the likelihood that HIV would be listed as a cause of death. There are 58,069 cases in the dataset for which exactly three causes of death are listed on the death notification. Of these, 7535 cases (13.0%) had HIV listed as a cause of death.
In all three models, sociodemographic variables are strong predictors of the odds of HIV being listed as a cause (Appendices F-H). The significance of gender in the models is through its interaction with age. Significant interactions also exist between tuberculosis, pneumonia, and opportunistic infection, as shown in Figure 4A -D. Figure 4A -C depict the interactions between tuberculosis and pneumonia, tuberculosis and other opportunistic infection, and pneumonia and other opportunistic infection, respectively. In Figure 4A , the highest odds of HIV being listed are when neither tuberculosis nor pneumonia is listed, followed by the odds when tuberculosis is listed but not pneumonia. When tuberculosis is not listed, the odds of HIV being listed when pneumonia is present is lower (by about 63%) than when pneumonia is not present. When pneumonia is listed, the odds do not depend on whether or not tuberculosis is listed. As shown, the interaction is even stronger between tuberculosis and other opportunistic infections. When tuberculosis is listed, the odds of HIV being listed remain almost constant, whether or not some other opportunistic infection (other than pneumonia) is listed ( Figure 4B ). However, when tuberculosis is not listed, the odds of HIV being listed are lower (by about 46%) when some other opportunistic infection (other than pneumonia) is listed than when no other opportunistic infection is listed. In Figure 4C , when pneumonia is listed, the odds of HIV also being listed is approximately unchanged, whether some other opportunistic infection (other than tuberculosis) is listed or not. However, when pneumonia is not listed, the odds of HIV being listed are significantly lower (by about 68%) when some other opportunistic infection (other than tuberculosis) is listed than when no other opportunistic infection is listed.
Models for notifications with four or more causes of death listed
Of 20,866 cases with more than three causes of death listed, 3021 (14.5%) had HIV as one of the causes of death. The full model with all three related causes of death was fitted including relevant interaction terms (Table 2) . Among the background factors, education of the deceased was not a significant factor in predicting HIV as a cause of death, while the interaction between age and gender was significant. The two-way interactions among tuberculosis, pneumonia, and opportunistic infection were also significant. For cases with tuberculosis and pneumonia not listed, the odds of HIV being listed as a cause of death are significantly lower when other opportunistic infections are listed. When tuberculosis 
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Amey et al and pneumonia are both listed, the odds of HIV being listed is higher for cases with opportunistic infection listed than cases with opportunistic infection not listed. The full nature of the two-way interactions is shown in Figure 4D .
Discussion
This study found that individual demographics were good predictors of the likelihood that the death notification would have HIV as one of the causes of death. However, the predictive power of the background factors model for single cause of death data is very low. This is mainly because deaths in which HIV is the only cause are rare even when one considers only notifications in which only one of HIV, tuberculosis, pneumonia, and other opportunistic infection are listed as the single cause of death. Hence no background factors can adequately predict whether any particular individual is more/less likely to die of HIV disease based only on their gender, age, marital status, education, and death institution. This makes multiple cause of death analysis imperative.
The different models for multiple causes of death reveal interaction between age and gender of the deceased as an important determinant of the likelihood that death would be caused by HIV disease. Females aged 25-49 years are much more likely to have HIV listed as a cause of death than males in the same age group. For the younger age groups, there is no difference between males and females, while for older age groups, females remain slightly more likely than men to have HIV listed as one of the causes. The case for older age groups is rather surprising given that intergenerational sex, which is believed to be one of the factors responsible for HIV infection among the older population, is more prominent between older men and younger women than between older women and younger men.
The results also show that the more the number of causes listed, the higher the likelihood that HIV would be a cause, with the percentage of notifications with HIV listed increasing from under 2% when only one cause is listed to almost 15% when 4-5 causes are listed. However, despite this increase, the likelihood of HIV being listed as a cause of death actually decreases when tuberculosis and/or pneumonia are also listed.
Various two-way interactions between tuberculosis, pneumonia, and other opportunistic infections reveal that the decrease in the odds between the base model (when none of the other factors is present) and other models (when one or Causes of death models for HIV/AIDS more of the other factors are present) depends on which two other causes are co-listed. The main thrust of the results for full multiple causes of death models as shown in Figure 4 and Table 2 reveal that when opportunistic infections other than tuberculosis are listed, the odds of HIV also being listed drops significantly (almost zero). When no other opportunistic infections apart from tuberculosis and pneumonia are listed, the odds of HIV being listed also drops significantly, compared with when only some other opportunistic infection is listed and not tuberculosis nor pneumonia. It appears that tuberculosis, pneumonia, and other opportunistic infections are being used as proxies for HIV on death notifications! The performance of the models improves significantly with the addition of related causes of death (tuberculosis, pneumonia, and other opportunistic infections). Hence, although factors such as age, gender, education, marital status, level of education, and death institution are significant predictors of HIV-related deaths, their predictive power is quite low even when considering only deaths due to HIV disease and related causes. For the full multiple cause of death model, the only nonsignificant factor here is education. This indicates that HIV does not discriminate by education. The full model is still far from accurately classifying HIV deaths, given these highly significant predictors. While the model correctly predicts 99.9% of cases for which HIV is not listed as a cause, it only correctly predicts 20.7% of cases for which HIV is listed as a cause. This gives an overall reclassification rate of 88.6%. Furthermore, the Cox and Snell multiple correlation coefficient is 13.5%, while that for Nagelkerke is 24.1%, suggesting that more predictors are required to obtain an adequate model.
If autopsy results were available for some of the deaths, it would have been informative to determine the extent to which HIV/AIDS deaths have been misdiagnosed as tuberculosis/other opportunistic infections and vice versa. Where no autopsies are performed, then the reliability of classification of causes of death would vary with the death institution, and available morbidity information about the deceased, among other factors. The higher prevalence of HIV deaths on notifications with multiple causes, and the decrease in HIV prevalence when the multiple causes include tuberculosis, pneumonia, or other opportunistic infections, suggests that some of the deaths attributed to tuberculosis, pneumonia, and other opportunistic infections could be due to HIV disease instead. The magnitude of such misallocation could be estimated if autopsied notifications are available.
Conclusion
The results show that multiple causes of death models lead to significant improvement in predicting HIV-related deaths, as recorded using South African death notifications for 2006 and 2007. The age-gender interaction reveals that gender differences occur mainly in the age group 25-49 years, with females having a much higher likelihood of HIV-related death than males. In cases with multiple causes of death listed, the likelihood of a death being HIV-related when any of tuberculosis, pneumonia, or other opportunistic infection is listed are lower than when none of them is listed. Furthermore, the interaction effects between tuberculosis, pneumonia and other opportunistic infections are significant, and including these terms leads to significant improvement in model performance. This paper points to methods for analyzing multiple causes of death data. Further research is needed to evaluate the performance of ordinal models for multiple causes of death data, as suggested in the methodology section. These ordinal models could not be evaluated because of data limitations. 
